Post-natal lethality and neurological and gastrointestinal defects in mice with targeted disruption of the A-Raf protein kinase gene
The genomic DNA used in the targeting vector (pTCARaf) included the A-Raf gene but without the central region encoding important functional domains of the A-Raf protein and contained none of the coding sequences for the neighboring Synapsin I gene (see Fig. 1a and legend). Linearized pTC-ARaf was introduced into E14.1 (X/Y) embryonic stem (ES) cells derived from the 129/OLA mouse strain [8] . Following selection, four ES cell clones were identified by Southern blotting and hybridization as having undergone homologous recombination events (Fig.  1b) . Germ-line transmission of the mutated allele was obtained after blastocyst injection of ES clone #89 cells, and the chimeric mice derived were bred to C57 Bl/6 females to obtain F1 heterozygous (X -/X + ) females. These were then mated to C57 Bl/6 males to obtain (X -/Y) males carrying only the mutant A-Raf allele. The presence of restriction fragments diagnostic of the normal and the mutant A-Raf alleles was assessed by Southern blot of genomic DNA (Fig. 1c) . The loss of p69 A-Raf expression in animals carrying only the mutant allele was confirmed by western blot of protein lysates from primary embryonic fibroblasts (Fig. 1d) . We confirmed that homologous targeting of the A-Raf gene had not inadvertently disrupted expression of the neighboring Synapsin I gene by probing a western blot of lysates of mouse brains ( Fig. 1e) with an antiserum that detects Synapsin Ia, Ib, IIa and IIb [9] . F2, F3 and F4 generation (X -/Y) males were obtained by back-crossing F1, F2 or F3 heterozygous (X -/X + ) females to C57 Bl/6 males. We obtained (X -/Y) males from these back-crosses at the expected Mendelian frequency, and all (X -/Y) males appeared normal at birth. By post-partum day (P) 2-3, however, the (X -/Y) males were noticeably smaller than normal litter-mate controls and had a wasted appearance. By P5 the weight of the (X -/Y) males was approximately 50 % that of normal litter-mate controls (Fig. 2a) . All (X -/Y) males derived from these matings died between P7 and P21. The few that survived to P21 appeared very wasted, had ruffled fur, a hunched appearance and were incapable of feeding once weaned (Fig. 2b ). In addition, the A-Raf-deficient animals suckled poorly and had less milk in their stomachs than normal litter-mate controls; this phenotype was also observed in 3 % of heterozygous (X -/X + ) females established from the C57 Bl/6 backcrosses, perhaps as a consequence of the random pattern of X-chromosome inactivation which could lead to a complete loss of A-Raf function in certain cells. Homozygous (X -/X -) females generated by mating F1, F2 or F3 (X -/X + ) females with the original transmitting male chimeras had the same spectrum of abnormalities, with death between P7 and P21, as observed in the (X -/Y) males. Two high-level chimeras obtained from ES clone #99 (Fig. 1b) suffered from the same lethal phenotype as the A-Raf-deficient animals obtained from clone #89. This suggests that the phenotype observed is not due to an inadvertent mutation in clone #89, and that the phenotype displayed by the A-Rafdeficient animals is manifest in a cell-autonomous fashion.
The A-Raf-deficient animals had distinct neurological abnormalities: they displayed abnormal movement and proprioception. When walking they displayed athetotic movements and had difficulty maintaining an upright position. In addition they displayed continuous tremor and a rigidity of their musculature; at rest, their limbs were held in abnormal positions (Fig. 2c) . When lifted by their tails, they drew their limbs in toward their bodies (Fig.  2d) , in contrast to the full extension of limbs observed with normal litter-mates (Fig. 2e) . In addition, when the mice were handled they exhibited a distinct stress reaction with loss of bladder control and excessive agitation.
Extensive histopathological evaluations were performed on the A-Raf-deficient animals and litter-mate controls at several different days post-partum, and autopsies were performed on animals that died. Special attention was paid to the organs of the urogenital tract (such as the kidney, bladder, testis and ovary) and the spleen and thymus, all of which express high levels of A-Raf mRNA [7] . Apart from a generalized reduction in size, all organs appeared normal in architecture and morphology. The thymus was excessively reduced in size (10 % of the size of wild-type controls), but this may be a stress-related phenomenon [10] . The gross anatomy and architecture of the brain and spinal cord appeared normal. As the animals had a variety of motor defects, we prepared matched frozen-tissue sections of the cerebellums of (X + /Y) and (X -/Y) mice and stained them with antibodies against Calbindin and PEP-19, proteins expressed in the Purkinje cell layer of the cerebellum. We stained similar sections with antibodies against Glial fibrillary acid protein (GFAP) and the neurospecific ␤-tubulin (TUJ1). In all cases, the antibodies displayed normal patterns of staining in both normal and A-Raf-deficient animals (data not shown).
In 100 % of affected animals studied (20/20), a gross distention of the colon was observed (Fig. 3a) , primarily affecting the cecum and the proximal end of the colon (in two severe cases, abnormal swelling of the stomach and small intestine was also observed). The distended proximal end of the colon varied in length; in most mutant animals it was approximately half the length of the colon. The distention was followed by a narrow distal end and narrow rectum. Colonic tissue sections prepared from (X -/Y) and (X + /Y) animals were stained with an antibody against Peripherin, a 58 kDa neurofilament protein expressed in enteric neurons [11] . Normal myenteric neurons were observed between the longitudinal and circular layers of smooth muscle in all parts of the colon. The mucosa, submucosa, muscle layers, serosa and the blood supply also appeared normal (Fig.  3b,c) . Furthermore no significant differences were observed Brief Communication 615 
DNA fragment labeled 'Probe' in (a). The indicated 15 kb and 9 kb bands are indicative of the presence of the normal and mutant ARaf alleles, respectively. Lane 1, E14 parental cell line; lanes 2-5: targeted ES clones #89, #99, #147, #228. ES clones #89 and #99 were injected into C57 Bl/6 blastocysts by standard microinjection procedures; blastocysts were then implanted into the uterine tract of pseudopregnant surrogate mothers. Germ-line transmission was obtained only with ES clone #89 (c) Chimeric males born from the injections described above were mated to C57 Bl/6 females. Genomic DNAs isolated from an F2 litter were digested with BamHI, probed with the 1.3 kb EcoRI probe and genotyped by the presence of the diagnostic 15 kb and 9 kb restriction fragments. Lanes 1-3, (X -/Y) males; lanes 4, 7 and 8, heterozygous (X -/X + ) females; lanes 5, 6 and 9, (X + /X + ) females or (X + /Y) males. (d) Protein lysates for western blots were prepared from brain homogenates and MEF cell pellets as described previously [24] . A western blot of proteins from primary mouse embryo fibroblasts derived from (X + /Y; lane 1) or (X -/Y; lane 2) males was probed with a rabbit polyclonal anti-human A-Raf antisera (UBI). in the distribution of enteric ganglia in the colonic wall of neonatal (P2-3) (X + /Y) and (X -/Y) males upon staining colonic laminar preparations for acetyl cholinesterase, an enzyme expressed in all enteric neurons ( [12] ; Fig. 3d,e) .
The A-Raf-deficient phenotype is somewhat similar to a number of phenotypes elicited by the targeted disruption of genes encoding protein tyrosine kinase receptors. TrkC-deficient animals, for example, display abnormal movement and draw their limbs in toward their bodies when lifted by their tails (see Fig. 2d ,e and below); they have a loss of neurons in the dorsal root ganglia which primarily affects the group Ia muscle afferents [13] . The intestinal defect observed in A-Raf-deficient animals is similar to aganglionic megacolon, which has been observed in a variety of naturally occurring and engineered mouse strains [12, [14] [15] [16] [17] [18] [19] [20] [21] . Megacolon in these animals is associated with the absence of enteric ganglia and results in intestinal blockage and usually death in the neonatal period. Although we have not observed abnormalities in the enteric ganglia, it is conceivable that the megacolon observed in the A-Raf-deficient animals reflects a biochemical defect in the functioning of the cells which is not manifest as a gross histopathological defect.
The levels of serum and urine electrolytes, glucose, cholesterol, creatine phosphokinase and triglyceride were not significantly affected in the A-Raf-deficient animals. Hematological profiles of normal and A-Raf-deficient mice also revealed no anemia or significant difference in T or B cell types or in numbers of natural killer cells or granulocytes. In addition, fetal liver cells from three (X -/Y) males were capable of long-term reconstitution of hematopoiesis in lethally irradiated recipient mice (data not shown). The death of animals carrying the mutant A-Raf allele is most likely to be a consequence of the spectrum of neurological and intestinal problems which result in an inability to thrive.
On crossing F1 or F2 heterozygous (X -/X + ) females generated from the C57 Bl/6 back-crosses to the transmitting male chimeras, we obtained (X -/Y) males and (X -/X -) females that escaped the lethal phenotype at a frequency of approximately 50 %. 'Escaper' (X -/Y) males were also obtained at a frequency of 50 % on mating F1 or F2 heterozygous (X -/X + ) females generated from the C57 Bl/6 back crosses with 129/OLA males. The 'escapers' have survived as runted animals for longer than 12 months. They did not develop intestinal problems and showed few of the neurological abnormalities described above. However, unlike normal litter-mates (Fig. 2d) , they consistently drew their hind limbs into their bodies when lifted by their tails (Fig.  2e) . All of the 'escapers' obtained were fertile and transmitted the mutant A-Raf allele through the germ-line to their offspring. A variety of sub-strains of 129 mice are currently in use [14, 22] . Attempts to cross the transmitting chimeric males to 129/OLA females were unsuccessful due to the poor breeding characteristics of 129/OLA females [23] . We therefore established the A-Raf mutant allele on a predominantly 129SvEv background and found that (X -/Y) animals had an identical lethal phenotype to that observed on the C57 Bl/6 background.
Our results suggest that genetic modifiers present in the 129/OLA strain can rescue the lethal C57 Bl/6 A-Raf deficiency. The widespread occurrence of such modifying loci has been emphasized recently with the generation of novel mutations by 'gene knockout' [23] . The difference in the A-Raf-deficient phenotype on the 129/OLA and 129/SvEv backgrounds is surprising as these sub-strains are derived from a common inbred ancestor [14, 22] . However, recent DNA marker and isozyme analysis has suggested that these 129 sub-strains have a large number of differences at loci other than the well-characterized agouti locus (E. Simpson, personal communication.). Identification of loci that modify A-Raf function will require genetic mapping of chromosomal regions that rescue the lethal phenotype, and may be extremely important for our knowledge of the signal transduction pathways involving A-Raf. It is possible that in certain cells the loss of A-Raf may be compensated for by the activities of Raf-1 and/or B-Raf that are ubiquitously expressed throughout embryonic development [7] . Confirmation of this hypothesis will require comparative biochemical analysis [24] and the genetic ablation of all three kinases both singly and in combination with one another.
